T normalities in B-cell non-Hodgkin's lymphoma (NHL)'-4 are 14q32 translocations. As established previously, t(8; 14)(q24;q32) is associated with Burkitt's l y m p h~m a ,~,~ t( 14; 18)(q32;q21) with follicular NHL,',* t( 1 I; 14)(q13;q32) with intermediate lymphocytic lymphomdmantle-cell lymphoma,"-" and t(3; 14)(q27; q32) with diffuse lymphomas with large-cell components, established recently. '2-'s These cytogenetic findings have clinical relevance for diagnosis in patients with B-cell malignancies. However, chromosomal analysis has not been uniformly successful because of poor and/or lack of metaphase spreads. In addition, cryptic translocations or complicated chromosomal aberrations lead to ambiguous cytogenetic diagnosis. These critical issues have prevented accurate evaluation of a frequency of disease-specific chromosomal aberrations. To resolve these problems, we successfully applied a suitable set of probes for interphase fluorescence in situ hybridization (FISH) analysis to detect tumor-specific rearrangements of the immunoglobulin heavy-chain (IgH) gene in B-cell malignancies. I' Breakpoints within the JgH gene locus associated with 14q32 translocations are not always in the joining reg i~n , '~.~~ but also in the constant FISH using V, and Ig y probes effectively detected such variable breakpoints. In the present study, 29 of 70 patients with Bcell NHL showed 14q32 translocations. 
phases. The partner sites of 14932 translocations were identified in 17 patients by FISH: t(3;14)(q27;q32) including a complex variant was observed in nine patients, t(14;18)(q32;q211 in four, t(8;14)(q24;q32) in three, t(14;19)(q32;q13) in one, and t(11;14)(q13;q32) in one. Six of nine patients with t(3; 14) or its variant and one of three with t(8; 14) were diagnosed as having respective translocations only by FISH. Translocation t(3;14) was found most commonly, and was correlated histologically with diffuse lymphoma with large-cell components. These results indicate that interphase FISH with IgH gene probes promises to be a rapid and reliable method for use in the diagnosis of B-cell NHL. 0 1996 by The American Society of Hematology.
MATERIALS AND METHODS
Seventy patients with NHL were studied. Fifty-eight of these patients were diagnosed as having NHL of B-cell origin immunohistochemically and/or immunophenotypically, whereas the immunophenotype of the remaining 12 patients either was not available or was unidentifiable. We excluded patients with tumors of apparent T-cell lineage from the present study. Histologic classification was performed according to the Intemational Working Formulation.*' The karyotypes of two patients (no. 7 and IO) have been reported previo~sly.~" Metaphase spreads and interphase nuclei of tumor cells were prepared from short-term cultures of cells obtained from lymph node tumors, other extranodal tumors, peripheral blood, and pleural effusion. G-banded metaphases were arranged according to the recommendations of the International System for Human Cytogenetic Nomenclature (1 991 )." The partner chromosomes of 14q32 translocations were identified by 4,6-diamiNdo-2-phenylindole dihydrochloride staining and/or Gbanding patterns.
We used one yeast artificial chromosome (YAC) and three bacteriophage clones covering the human IgH gene locus as FISH probes. YAC clone Y6 is approximately 320 kb in size, and at present is the most telomeric clone in the variable region (V,) of the IgH gene locus"2 (Fig 1) . Bacteriophage clones Igy 1-10, Igy 2-15, and Igy 4-2 are the human y-gene clones corresponding to constant regions y 1, y2, and y4, respectively (Fig l) . 33 The telomeric YAC clone specific to 3q (HTY3206) was a generous gift from Dr Hellen Donis-Keller (Washington University, St Louis, MO) and Dr Harold Riethman (The Wistar Institute, Philadelphia, PA), and was mapped to the band 3q29 by Dr Anna Jauch (Heidelberg University. Heidelberg, Germany).
For chromosomal in situ suppression hybridization, human sequences of Y6 and HTY3206 were specifically amplified using Ah-polymerase chain reaction (PCR) primers CLI andor CL2.'4 These PCR products of Y6 were labeled by standard nick translation using digoxigenin-lldUTP (Boehringer, Mannheim, Germany). HTY3206 and y-gene clones y l , y2, and y4 were also labeled by nick translation using biotin-I I-dUTP (Sigma, St Louis, MO). These labeled probes were purified over Sephadex G50 spin columns (Pharmacia, Uppsala. Sweden). Biotinylated probes (HTY3206 and Igy) were detected with avidin-fluorescein isothiocyanate (HTC) (Vector Laboratories. Inc, Burlingame, CA), biotinylated goat anti-avidin, and a second layer of avidin-FITC3' For detection of the digoxigenin-labeled probe (Y6), we used mouse anti-digoxin (Sigma), rabbit anti-mouse
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RESULTS

Histologic classifications.
The histologic subtypes of 70 patients were defined as follows: 3 with small-cell lymphocytic (SCL), 4 with follicular small-cleaved-cell (FSC), 4 with follicular large-cell (FL), 25 with diffuse smallcleaved-cell (DSc), 9 with diffuse mixed-cell (DM), 21 with diffuse large-cell (DL), 1 with small non-cleaved-cell 293 (SNC), 1 with large-cell immunoblastic, and 2 with unclassified.
Analysis of interphase nuclei. We showed split signals of Y6 and Igy to detect tumor-specific rearrangements of the IgH gene in interphase nuclei. Various hybridization patterns were assumed to appear based on the functional rearrangements of the IgH gene, and on the different breakpoints within the IgH gene involved in 14q32 translocations and concomitant nonphysiologic deleti~n'~ (Fig 1) .
On chromosome 14 containing the normal allele of the IgH gene, two patterns of signals were observed: a greenred doublet (or yellow) and only a green signal. In the former, neither Y6 (red) nor Igy (green) probes were affected by Variable-Diversity-Joining (VDJ) or class-switch recombination. In the latter, Y6 was deleted as a result of VDJ recombination. On the derivative chromosome 14 containing the tumor-related allele of the IgH gene, green or no signal was observed, since Igy is occasionally affected by nonphysiologic deletionq7 (Fig 1) . On the partner chromosomes containing the translocated tumor-related allele, two patterns of hybridization signals were observed, red (Y6) and red-green doublet (Y6-Igy), resulting from different tumor-specific breakpoints within the IgH gene locus (Fig 1) .
Combining these signal patterns of the normal allele with those of the tumor-related allele, six patterns of split signals were eventually expected in interphase nuclei with 14q32 translocations (Fig 2) . Based on the interphase distance between Y6 and Igy, for which the genomic distance is within 1 Mb (Fig  l) , split signals were defined as two fluorochromes separated by greater than 2 pm as described previously.'6 The interphase distance between two fluorochromes was evaluated using the signal of Y6, approximately 1 pm, as a reference. Hence, we had false-positive cells to a certain degree, as shown in Table 1 . For quantitative analysis, cutoff values were defined by the mean 2 2 SD in each pattern according to evaluation of 200 nuclei obtained from control samples including peripheral blood from six healthy volunteers and lymph nodes from three patients with reactive hyperplasia (Table 1) . We analyzed nuclei with at least one red (Y6) and one green (Igy) signal, since these possibly represented one of the split signals (type V in Fig 2) . Nuclei without either red or green signals were found at a frequency of 10% to 36%. These nuclei were not evaluated in the present study. On the other hand, nuclei carrying a number of signals greater than expected were observed due to background hybridization noise signals at a frequency of 4.1% (mean) in peripheral blood samples from healthy donors and 9.8% (mean) in lymph nodes with reactive hyperplasia.
Incidence of tumor-specific rearrangements of the IgH gene. Twenty-nine patients showed tumor-specific rearrangements of the IgH gene associated with 14q32 translocations (Tables 2 and 3 ). Chromosome 14q32 translocations were identified in 16 of 51 patients whose karyotypes were analyzed successfully. In contrast, FISH analysis identified 14q32 translocations in 20 of 51 patients. Interphase FISH detected another nine patients with tumor-specific IgH gene rearrangement whose karyotypes were not available for cytogenetic analysis because of lack of metaphases.
For FISH analysis in patients with reciprocal 14q32 translocations. Eleven of 70 patients were diagnosed cytogenetically as having reciprocal 14q32 translocations. Interphase FISH identified this translocation in all these patients (no. 1 to 11; Table 2 ). Type I was observed in four patients with t(14;18) (no. 1, 2, 3, and 4; Fig 3C and D) , in two with t(8;14) (no. 5 and 6), and in one with t(11;14) (no. 11).
Type I11 was observed in one patient with t(3;14) (no. 9; Fig 3G and H ) and in one with t(14;19) (no. 10). Type IV was observed in one patient with t(?3; 14) (no. 8), which was later confirmed by metaphase FISH using the 3q telomeric clone HTY3206 (Fig 31 and J) . In one patient with Burkitt's lymphoma (no. 7) showing clinically aggressive disease, unexpected split signals consisting of one yellow, one red, and two green signals were observed in 44% of evaluated nuclei. Metaphase FISH indicated that the IgH gene was initially involved in a break at the C, region and was translocated to the 12p telomeric lesion, followed by breakage in this segment on 12p between Y6 and Igy, and finally Y6 was translocated to the 3q telomeric region. The percentage of split signals was significantly above cutoff values in all except one patient (no. 11). 
FISH analysis in patients with add(14)(q32).
Add (14)(q32) with unknown partner site was detected cytogenetically in five patients (no. 12 to 16; Table 2 ). Interphase FISH successfully demonstrated the split signals in all these patients. Type I was observed in three patients (no. 12, 15, and 16), type IV in one (no. 13), and type VI in one (no. 14; Fig 3K and L) . We identified the partner sites of 14q32 translocations in all the patients by metaphase FISH; band 3q27 was involved in three patients (no. 12, 13, and 16), 8q24 in one (no. 15), and either 2q or l p in one (no. 14).
In one patient carrying 14q+ chromosome as detected by Gbanding, interphase FISH did not demonstrate a split signal, whereas metaphase FISH showed normal configuration of the IgH gene with yellow signal on der(l4). These results indicate that an extra small segment was inserted into the immediate centromeric site of band 14q32, resulting in formation of der(l4) (data not shown).
Detection of split signals in patients without 14932 translocations. Interphase FISH clearly identified split signals equivalent to 14q32 translocations in three patients with abnormal karyotype other than 14q32 translocations (no. 17, 18, and 19) and in one with normal karyotype (no. 19) by conventional G-banding analyses (Table 2) . Type I was observed in two patients (no. 17 and 19). Type I modified by tetraploidy was ascertained in one patient (no. 20), and type IV modified by tetraploidy in one patient (no. 18). Among these four patients, 3q27 was involved in 14q32 translocation in two (no. 17 and 18).
Detection of 14932 translocations in patients whose cytogenetic information was unavailable. Cytogenetic information was not available in 19 patients because of lack of metaphase spreads. Interphase FISH identified 14q32 translocations in nine of these patients ( Table 2 ). The partner sites were identified in two patients: 3q27 in patient no. 27, For personal use only. on August 16, 2017. by guest www.bloodjournal.org From and presumably either chromosome 1 1 or 18 in patient no. 23 ( Table 2) . Type I signal was observed in three patients (no. 22, 24, and 25). Type I1 and type I11 signals modified by tetraploidy were observed in patient no. 26 (Fig 3E and  F) and no. 27, respectively. In the other four patients (no. 21, 23, 28, and 29), the signal patterns were modified by extrachromosomes as documented previously in B-NHL.38 Igy was amplified in patients no. 23 (Fig 3M and N) and 28, and Y6 was amplified in patients no. 21 and 29 (Fig 
DISCUSSION
We detected tumor-specific IgH rearrangements in interphase nuclei of 29 of 70 patients with B-cell NHL. FISH identified 14q32 translocations in 13 patients not detected by cytogenetic analysis as a result of complicated chromosomal abnormalities (three patients), normal karyotype (one patient), or lack of available metaphases (nine patients; Table  3 ). These results indicate that FISH with IgH probes was sensitive and reliable for screening tumor-specific IgH rearrangements, and particularly for detecting 14q32 translocations in tumors with low mitotic activity. The incidence of 14q32 translocations was reported to vary from 50% to 70% in non-T-cell NHL in the United Statesl.2.8.13 and in Westem co~ntries,'~ in contrast to the incidence in Japan4' (-30%). Even using the highly sensitive FISH technique, the incidence of this translocation (4 1.4%) was lower than that reported in previous s t~d i e s .~*~* '~*~~ It is 
I
possible that geographic andor racial differences affect the incidence of 14q32 translocations between Japan and Western countries, similar to the case of t(14; 18) in follicular lymphoma.
The most recurrent partner site of 14q32 translocations was 3q27 (nine patients), followed by 18q21 (four patients), as suggested previously.3O Histologically, translocation involving band 3q27 was observed specifically in diffuse lymphoma in the present study, consistent with the results of a previous investigation in the United States.14 In contrast, French studies revealed that the 3q27 translocation or BCL6 rearrangement was involved not only in diffuse but also in follicular l~m p h o m a . '~*~' *~~ Histologic heterogeneity of this translocation or BCL6 rearrangement was also described in Japanese NHL. 43 Recent molecular studies demonstrated that the proto-oncogene BCL6 was more frequently rearranged than expected from the results of cytogenetic analysis4'; nearly half of the cases of this rearrangement were not discernible by conventional cytogenetic methods. The discrep- ancy between molecular and cytogenetic results was well explained by our observation that approximately 70% of our patients with this half-cryptic translocation t(3; 14) were identifiable only by FISH analysis.
All of the predicted signal pattems were actually found.
Chromosomal changes including polyploidy (patients no. 18, 20, 26, and 27), extremely complex translocations (patient no. 7), and extra copies of chromosomes (patients no. 21, 23, 28, and 29) inevitably affected the complexity of signal patterns. In addition, monosomy or trisomy 14 may also complicate the detection of split signals. We did not take into account the effect of aneuploidy of chromosome 14 because it is uncommon (54%) in NHL.'** In one patient, approximately 50% of evaluated nuclei contained the clone with one yellow and one green signal (data not shown). Metaphase FISH demonstrated a green signal on normal chromosome 14 in addition to a yellow signal on the other chromosome 14, indicating a normal variant (Fig 2) . These results suggest that the clonal growth For personal use only. on August 16, 2017. by guest www.bloodjournal.org From of tumors could also be detected by demonstrating functional IgH gene rearrangements, which are not associated with 14q32 translocations.
In conclusion, our results showed that the incidence of 14q32 translocations in B-cell NHL was relatively lower in Japan than in Westem countries, and that t(3;14) was the most common chromosomal translocation in B-cell NHL. Interphase FISH with IgH gene probes was sensitive and valuable for screening tumor-specific IgH gene rearrangements, and will be applicable for analysis of other B-cell malignancies.
